Abstract: Various advanced computational, cognitive and innovative approaches have been developed in the last three decades to advance the fields of artificial intelligence and knowledge-based design systems. This paper reviews the development of generative design systems in the literature and of those developed by the author. It presents a framework of a generative design system with several real design examples. Finally, the paper examines the future direction for the advancement of generative design. A generative design system supports the generation and exploration of a large number of alternative design solutions, using automatic transformation algorithms of AI nature. It maintains a consistent style of all the explored solutions, but with design features and variables. It can also include an evaluation mechanism in the generative process for the system to search for the potentially optimum design solutions.
Introduction
There has been at least a half century of research effort on the development of intelligent design support systems. Edinburgh design system was developed in the Department of Artificial Intelligence at the Edinburgh University in the early '90s of last century (Smithers et al., 1990 (Smithers et al., , 1993 at which time, the concept of 'design to product' was firstly proposed in the UK's Alvey Project. Since then, many researchers around the world tackled the issues of building intelligent design systems helping designers to develop design concepts, detailed design solutions, 3D rendering and engineering drawings. Several approaches were subsequently developed by the researchers around the world.
One research community represented this research by the international conference, chaired by Gero on artificial intelligence in design (AID). This conference was changed to design computing and cognition (DCC) (Gero and Udo, 2006) . Researchers in this international community developed various computational techniques, including knowledge representations, machine learning systems, supporting design with shape grammars, case-based reasoning, etc. (Stiny, 1980a; Rudolph, 2006) . These attempts helped to define what design knowledge is and how to represent and infer on this kind of knowledge with computational techniques for supporting designers in an intelligent way. However, design examples developed by these systems were rarely scaled up to the reality and they largely came from the domain of architecture design.
In the late '90s of last century, generative and evolutionary design became popular. This area of research was inspired by the use of genetic algorithms and other generative inference mechanisms to generate a large number of design solutions (Frazer, 1997) . A large number of papers appeared in the International Conferences on Generative Art. In this area, the applications of generative design included products, architecture, music and multimedia systems. However, in these systems, the explorative nature of generative inference mechanisms was difficult to control and can often result in large numbers of solutions that are hard to converge onto a desired output (Soddu, 2013) .
In the area of art and design, many researchers used mathematic and algorithmic modelling techniques to represent and reason about complex forms or objects (Gu et al., 2006) . This approach has emerged well with the latest 3D printing techniques since the results of such systems were often the files that can be directly translated into 3D printable formats. A typical international research community is represented by Ars mathematic in France and American Association of Artificial Intelligence.
In the domain of product design itself, researchers, academics, or designers are more concerned with the way in which computers are being used to support the design process in terms of usability and interfaces. They also argued that the current computer systems cannot deal with the high level creative acts of designers for achieving innovative designs, emotional design and the designs relying highly on the intent or styles of the designers themselves. In this area of research, how to upgrade the capability of computer-based design systems and extend the scope of design support into systematic innovation in cultural and social contexts of design is still a problem. The generation of new designs that lead the way for new life styles and user interactions is more of a priority for designers rather than the achievements on dealing with computational efficiency and complexities (Heskett, 2001; Norman, 2013) .
Background and related work

Generative design: an overview
Generative design suits the needs of individuals because it attempts to generate alternative design solutions, not the optimum ones and as such it does not formulate the design space as a tightly constrained one. The term of generative design comes from generative art which was firstly introduced by Soddu (1998) . The application of generative design in architecture application was introduced by Frazer (1995) . Generative design is a new field of design research which provides better ways of exploring and optimising design solutions by the use of evolutionary algorithms such as genetic algorithms and neural networks. This new approach to design exploration and optimisation provides a basis for the development of a new generation of design tools. A generative design system differs from an evolutionary design system in that the later often employs genetic algorithms as the main inference mechanisms, while the former may adopt any other forms of transformation methods.
The method of generative design differs from other design processes proposed by various researchers. It starts at a random formulation of an initial design idea. This idea contains necessary variables or structures for the variations that can be transformed by rules or algorithms. The process iterates with the exploration of more variations until the process is stopped by termination evaluation criteria or by the users themselves. Frazer (1995) introduced two ways of terminating a generative design process, either by artificial selection, or natural selection, mimicking the terminologies used in genetic algorithms. By artificial selection, it means that the design process is mainly guided by the users, whilst by natural selection it means the process is guided by an automatic evaluation with which the mathematic or spatial constraints are satisfied to certain degrees by the results generated by the computers. A typical generative design process is illustrated in Figure 1 .
Designers including users have the control over the selection of initial design solutions, viewing and evaluating new design solutions generated by the pre-programmed algorithms such as neural networks, genetic algorithms, shape grammars, or combinations of these, which transform an initial design idea representation to new design solution with the same presentation or changed presentation. The evaluation can be performed either by designers through their own examination of the details generated by the algorithms or by pre-defined evaluation criteria automatically. In a normal design process, designers have control over every possible step. In a generative design process, designers do not have control over the generation step. But they can be more focused on the evaluation and selection of a potentially large number of design solutions automatically generated by the algorithms. This gives opportunities for the computer operated algorithms to generate design solutions that might surprise the designers or users. In general, designers also understand the principles and potentials of these algorithms. Quite often they are involved in the design and programming of these algorithms (Tang and Cui, 2014) . For example, Cui developed a system using original design of graphic pattern designed by ethnic Zhuang minority people in southwest China (Cui and Tang, 2013) . Design ideas were presented in Figure 2 . 2D shape grammars were used in this system together with some interpolation algorithms as the main transformation methods. An automatic evaluation criterion was formulated to control the generation of new design solutions.
Considerable attention was paid to the natural selection process in this application. The automatic evaluation method was formulated to take into account of aesthetic standards of the solutions generated by the system. In a broad category, four dimensions were introduced to measure the satisfaction of the generative process for generating 2D flower patterns. These four dimensions are complexity, subjectivity, elementary simplicity and structure dynamics. Furthermore, these dimensions are measured respectively by: 1 complexity in terms of petal number, pattern size, number of parts 2 subjectivity in terms of balance, redundancy and harmony 3 structure dynamics in terms of category, part proportion, symmetry, relationship 4 elementary simplicity in terms of petal style, petal colour, stem style and stem colour.
Technical details of this implementation are presented in Tang (2013, 2015) .
Figure 2 Generative graphic pattern designs (see online version for colours)
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Research on shape grammars and generative design
Shape grammars can be used to transform shapes of 2D and 3D in a systematical and stylistic manner to support innovative product design. Generative design is a new paradigm in design in which the exploration of a new design is seen as a series of transformations from an early initial data to a large number of possibilities of not necessarily optimum designs but ones with qualities that meet the design requirements in the best possible way (Oberhauser et al., 2014) . With a 3D shape grammar-based system, the style and identity of the designers can be built into the shape grammars. These grammars can be retained, modified, extended and reused in the long and complex process of developing new products. This approach has a long-term impact on the way in which future 3D computer-based design support systems are to be developed. Research on computational representation of design knowledge, modelling of design process and control and optimisation of design solutions using knowledge-based systems and artificial intelligence have been going on for nearly three decades. Various generative design systems have been developed in the domain of design, art, music and multimedia (Vitins and Axhausen, 2016) . With the emergence of 3D printing techniques, these AI-based techniques can be re-examined, improved and integrated into a new generative framework of design and making in which inference mechanisms are used to support design activities that match the capability of fast and efficient 3D printing. As such, several key issues need to be addressed.
First, the development of principles is needed for guiding the design process, especially at the conceptual design stage, on how to conceptualise a design that is going to be 3D printed as a whole or as assemblies of parts. Second, additional inference mechanisms, defined as design inference engines, need to be developed to translate, transform and transcend elementary design concepts or ideas into 3D printable designs with intended functionality, aesthetic styles and usability without technical failure. Third, evaluation criteria and real design examples need to be developed in order to show the advantages of 3D printed designs as compared to the products designed and made with conventional way of making. On top of these key issues, there is a need to develop a new generation of design tools which use 3D printing as the final outcome, but with considerable new capabilities in terms design creativity and innovation that have impact on social and cultural advancement. The most important objective of such a new generation of design and making systems and tools is that they must provide new opportunities for collaborative design and making and for better design qualities that improve people's life styles.
Our generative design framework aims at developing alternative approaches to 3D form generation in product design through the creation of generative 3D shape grammars. These 3D shape grammars are built at a level which is more related to the design process, rather than with only geometric information. This approach can provide added efficiency over traditional CAD systems for generating large numbers of alternative design solutions. Grammars also provide new alternatives of representation for designers, for the cultivation of styles, aesthetic preferences and branding strategies through the development of individually created shape grammars.
The key issues and problems addressed in this research involve the followings:
• The development of the representations of adaptive 3D shape grammars containing generative mechanisms, such as genetic algorithms, cellular automata, neural networks or other inference methods of inductive and deductive nature for transforming basic 3D objects into complex ones.
• A new set of computational design transformation methods understandable by designers, such as growing high, scaling up, adjusting angles, smoothing surfaces, curving, combining, merging, splitting, etc.
• Process of recursion, iteration, generating and testing, evolution, searching, converging, replications with 3D shape grammars, etc. which are organised in a way in which creative design solutions are discovered by the effective collaboration between designers and the computational techniques.
In this approach is 3D shape grammars form a set of domain independent resources which are applicable to any design domain and they can be used as the software kernel for developing individualised design innovation tools utilising designers' knowledge and styles in their own specific domains via a generative process. With the computational techniques, design applications, 3D shape grammars and the experimental software framework, it is possible to reduce the costs of design and the products being designed by the increased use of AI methods and design knowledge for quicker and more alternative design solutions.
Progress in the field
While research on shape grammars has been going on for more than 30 years, its applications in product design with 3D forms and other functional requirements being one of the early stage tasks has not been properly addressed. Before developing a shape grammar to generate product designs with a particular style, the issues related to the definition and creation of product styles have to be addressed. It can be traced from Stiny's (1980a Stiny's ( , 1980b seminal work, which demonstrated in architectural design domain that shape grammars captured styles of designs, generated stylistically consistent designs and novel designs.
In the product design domain, in recent years, research on shape grammars to address every issue of stylistic consistency in brand management has become popular. For example, Pugliese and Cagan (2002) developed a shape grammar for designing motorcycles with historical, contemporary, or a particular style to capture brand identity. Ang et al. (2006) provided another example in which the issues of designing branded products were investigated. In particular, Pugliese and Cagan (2002) and Ang et al. (2006) provided a significant insight to the modification of product styles under the constraints of avoiding the distortion of the brand image for new product development. A style is maintained by means of converging the languages defined by the shape grammars and the language of stylistically correct designs.
In urban planning design domain, Duarte et al. (2006) developed a parametric shape grammar for urban planning. The shape grammar captured the knowledge of creating some features of the existing urban fabric. A large amount of work was put into historical analysis and fieldwork for the derivation of useful shape grammar rules. In structural engineering design domain, Shea and Cagan (1999) used shape annealing, a combination of shape grammar formalism and simulated annealing, to design structures. The concept of search process in simulated annealing was borrowed from physical processes. More details of this approach can be referenced to the Shea's (1997 Shea's ( , 2001 Shea's ( , 2002 Shea's ( , 2004 research works. Particular examples like traditional geodesic patterns have been constructed using shape grammars. Apart from these particular examples, a wide range of other examples of space frame structures have been constructed using this approach. To illustrate the generative capability of shape grammar, Shea (1997) demonstrated that this approach was capable of generating three space frame roof structures for an octagonal air plane hanger with walls that vary in heights. Another example using this approach was in generating truss structures (Shea and Cagan, 1999) .
In the domain of mechanical engineering design, earlier attempts in merging grammars with optimisation techniques have been achieved by Schmidt and Cagan (1998) , aiming at directing grammatical generation by design goals. These attempts have led to success in the generation of optimal mechanical systems. Other examples include the generation of optimised process plans for machining designs by Brown and Cagan (1997) . The process plans were defined by a language of machining parts that were derived by Brown et al. (1995) . Agarwal and Cagan (1998) developed the coffeemaker grammar that generated novel designs using function labels to maintain proper function to form sequences. The coffeemaker grammar was further developed by incorporating a decision-making method in which the grammar rules are associated with cost expressions (Agarwal et al., 1999) . With this approach, the designers can make decisions to select appropriate rules by evaluating the generated coffeemakers with costing information during the design process. Orsborn et al. (2006) also developed the vehicle grammar, which created different crossover vehicles by defining and combining different vehicle classes. These approaches have the potentials for integrating with other exploration techniques for extending their generative capability. Other examples include a semantic and shape grammar approach to product design developed by Hsiao and Chen (1997) . There are many illustrative examples of using the emergent property of shape grammar as described in Stiny's (2006) recent book.
A comprehensive survey that compared the development processes, application areas and interaction features of different shape grammar approaches is given by Chase (2002) . While all the above mentioned approaches and systems represent a major effort by the international community in DCC to address the issues of supporting design using generative design techniques including shape grammars, there is a lack of research and development which separate the generic aspects of reasoning about 3D shape grammars and the generative process of designing with styles and creativity. The research presented in this paper fills this gap, by providing a tested design example, which is generated and explored using 3D shape grammars in a way in which a designer's intent is supported in a generative process.
A generative design framework with 3D shape grammars
A generative design framework is a system prototype in a given design domain, that supports the automatic generation of a large number of design solutions with computer algorithms that can be selected and controlled by a designer. With such a framework, different design applications can be developed by using the same system prototype but with different initial design representations and selections of transformation methods.
Shape grammars are the rules governing how a simple and universal shape can be transformed into complex ones. In a two-dimensional world, shape grammars can be used to derive various patterns with unexpected results emerging from the ways in which the grammars are applied. In a 3D world, however, there are added complexities in transforming a basic universal 3D shape into complex and meaningful objects which can help designers to find stylistic and innovative forms in the creation of new products. The integration of 3D shape grammars within a generative design framework forms the key of the contribution of this generative design framework to the fields of computational design, artificial intelligence and design and product design innovation. This framework provides an alternative method for designers to cultivate their styles, identity and branding strategies in the design process by organising their own design applications using a database of 3D generic shape grammars as the kernel for exploring new designs. Generative inference methods such as genetic algorithms, neural networks, cellular automata and inductive inference methods are integrated with the 3D shape grammars for the transformations and modifications of new grammars.
Dynamic shape representation
In our research, we define a generic representation named dynamic shape representation (DSR). A 3D shape under this representation scheme is called a DRS shape. Every DSR shape consists of several primitives with a certain granularity. The DSR shape is different from CSG-based shapes. A sequential of elementary rules (ERs) can be applied to the union of primitives, not just the primitive. An ER is a basic shape rule such as deletion, addition or subtraction. Therefore, a DSR shape is not just a shape, it is a process in which a shape primitive such as a cube, is transformed by a sequence of ERs to its outcome. DRS shapes vary by their primitives as well as the number and the sequence of ERs. The DSR shapes are still generic shapes without a design intention.
With this representation, we define two kinds of shape grammar rules, the ER and design rule (DR). The ERs are used to construct DSR shapes. Every ER is a basic shape action in shape generation process. In order to release the restrictions on shape application, the ERs are used to extract the shape representation from the geometry and topology of primitives. Therefore, with a DSR shape, by changing the ERs or the union of the primitives, it is possible to generatively create a family of 3D shapes.
The DR rule is used to represent a meaningful design action in the design process. A DR rule is a parallel application of several ERs associated with one DSR shape. This is inspired by real design practice. For example, in sketching a drawing, not every single stroke by a designer has an independent and complete design intention. Several strokes may represent a relatively complete design intention for a design idea. In our 3D shape grammars, A DR is a cluster of several ERs representing an independent design action.
Transformation of shapes with DSR
Here, we demonstrate the use of our DSR shape grammars with a simple design example, i.e., a cup design. At first, the designer can create relevant DRs through an interactive computer system. For this example, the designer can create three DRs for a cup design, i.e., cup-frame rule, cup-handler rule, handle-refinement rule as shown in Figure 3 . Totally, there are 5*5*5 primitives and 79 ERs used in the cup-frame rule. There are 1*5*1 primitives and 22 ERs used in the cup-handler rule and there are 5*5*1 primitives and 12 ERs used in handler-refinement-rule. When all these rules are applied to a cube as an initial shape, the design solution generated is shown in Figure 4 .
The generated design contains a history in which three DRs (with 113 elementary rules) are applied to the primitive of a cube. This process can be repeated by the computer system by replacing the cube to other geometric primitives such as sphere or cylinder, etc. In this way, it is possible to record a design session by a designer and then repeat that session by making variations by the computer. The variations can be made in the primitive, or the sequences of the DR application. It can be predicted that during such a process, many solutions generated might not make sense to the original intention of the designer. However, the generative process helps to explore the alternatives that might not have been perceived by the designers. Figure 5 shows the results of the same DRs generated with different primitives. In another example, we invited a designer to give a simple design idea. That is to create a chair frame from a solid. The designer gave us the idea as illustrated in Figure 6 . Then we used this idea to formulate our DRs and then to apply these rules to different geometric primitives. We got the results as shown in Figure 8 . Some of these results did surprise the designer because he did not perceive that fact that his simple idea could generate so many other alternatives only when the primitive was changed.
In product design, for a reasonable shape to be created by the computer for the designers to explore and refine, we can use three DSR rules to create a chair with chair-handrail rule, chair-frame rule and chair-leg rule as shown in Figure 7 . In the application of these rules, a XML file can be saved, which depicts the actions of generating a chair from a cube with the above defined DRs. The result of this process is shown in Figure 8 .
Figure 9
The recorded actions for the application of DRs (see online version for colours)
As the design information is stored in the XML files in term of design actions, the designers' actions can help the generative system to create more alternatives at a later stage. There are two ways for generative design exploration: changing the 'initial shape' or changing the 'DRs', as shown in Figure 9 . Through changing the initial shape from a cube to other forms, including cylinder, sphere, prism, torus, frustum, pyramid and so on. The generative design solutions are shown in Figure 10 . If the 'DRs' are changed, again different chair designs will also be generated with the same primitive of cube, shown in Figure 11 . The interface of our experimental implementation is shown in Figure 12 . 
Conclusions and future directions
In this paper, we have reviewed generative design from a perspective of developing intelligent design support systems. The full potential of generative design has yet to be further researched through the development of more experiments and system implementations involving designers with realistic design examples. In this paper, we have demonstrated some of such potential through a DSR with 3D shape grammars, in the form of ER and DR. Both ERs and DRs operate on the DSR shapes defined in this paper as a representation for reasoning and exploration, as well as for recording design history.
In particular, we have focused on how to formulate DRs and how to re-use these rules in a design application. This divides the knowledge of design into two kinds of rules, i.e., ERs and DRs. The advantage of doing so is that pure geometric operations can be modelled as ER. When the ERs are repeatedly used or combined, they form DRs which represent an action of a designer in a particularly design case. In other words, ERs are domain independent whilst DRs are specific to designer's way of doing design. In this way, we can capture some of the designer's intent during the design process and reuse this by making variations to the basic geometric primitives or to the sequences of DRs. However, changing the sequence of ERs or DRs may result too many unexpected results which are hardly recognisable. So far, we have main experimented with changing the primitives only.
One of the features of a generative design system is that it should be able to maintain a consistent style among all the design solutions being explored. Therefore, rules or algorithms need to be established by designers working together with a programmer to code the rules of style or rules of construction into the system. This rule-based approach was presented in Tang and Cui (2014) . Now this work is being extended to the applications of generative design techniques combining rules of preserving cultural heritage in order to generate designs that conform to the original artistic styles such as the works in paper cuts, sculptures and ceramics.
In this paper, we did not discuss the issue of evaluation. Rather, in the system and example presented, the evaluation is left for the user or designer to decide. In this way, it can be said that the system will be exhausted when all the designs rules have been applied. This is a limitation but it was intended to be this way in order to understand how DRs can work to the satisfaction of a realistic design outcome. However, we did propose an exploration algorithm with a four-dimensional aesthetic evaluation model, which was described in details in Cui and Tang (2013) . In this automatic evaluation mechanism, four parameters of design, i.e., subjectivity, structure, element, complexity, were introduced to describe the quantitative quality of a design solution. Based on the calculation of these quantitative values, the system can suggest which design solution is better than others.
In real design applications, the solutions generated automatically by our generative system can only serve as an initial exploration. However, the shapes generated can be exported to other CAD systems for detailing and rendering. With the DRS shape grammars, it is possible to develop a design knowledge base for a specific design application by involving experienced designers. Their knowledge or actions can be captured by our generative system as DRs. Our future research will be focused on how to extend this rather limited scope of DRs to include more designers' ideas in terms of their styles, characters or habits that are derived from their long time experiences in design practice.
